1 The presence of a nucleotide receptor and a discrete ATP-sensitive receptor on C2C12 myotubes has been shown by electrophysiological experiments. In this study, the ATP-sensitive receptors of C2C12 myotubes were further characterized by measuring the formation of inositol(1,4,5)trisphosphate (Ins(1,4,5)P3) and internal Ca2+. 2 The nucleotides ATP and UTP caused a concentration-dependent increase in Ins(1,4,5)P3 content with comparable time courses (EC5o: ATP 33 ± 2 JAM, UTP 80 ± 4 jaM). ADP was less effective in increasing Ins(1,4,5)P3 content of the cells, while selective agonists for PI-, P2X-and P2Y-purinoceptors, adenosine, a,3-methylene ATP and 2-methylthio ATP, appeared to be ineffective.
Introduction
Receptors sensitive to ATP have been classified according to their sensitivity to selective ATP analogues (Burnstock, 1990) . In addition to the established P2-purinoceptor subclasses (O'Connor et al., 1990; Thomas et al., 1991) the existence of nucleotide receptors was proposed (Davidson et al., 1990) , which are sensitive to the purine, adenosine triphosphate (ATP) and also the pyrimidine, uridine triphosphate (UTP). Nucleotide receptors have been shown in pituitary cells (Davidson et al., 1990) , mesangial cells (Pfeilschifter, 1990) , myotubes (Henning et al., 1992a) , DDT, MF-2 smooth muscle cells (Van der Zee et al., 1992) and PC12 cells (Murrin & Boarder, 1992) .
Recently, a nucleotide receptor and a not yet classified discrete ATP-sensitive receptor were defined in mouse C2C12 myotubes. Stimulation of the nucleotide receptor resulted in a Ca2"-influx and activation of Ca2'-regulated K+-channels, while the Na+-channels were opened via the distinct ATPreceptor (Henning et al., 1992a) . It is also suggested that in chick myotubes, the ATP-induced membrane current is mediated via two distinct ATP-sensitive receptors (Thomas et al., 1991) .
The membrane current evoked by ATP-receptor subtypes ' Author for correspondence. may be caused by activation of different second messenger systems or by activation of receptor-coupled ion-channels (Burnstock, 1990) . To characterize the ATP-sensitive receptors on C2C12 myotubes we investigated their coupling to the phospholipase C pathway by measuring the formation of Ins(1,4,5)P3 and intracellular Ca2" mobilization.
Methods
Cell culture C2C12 cells, a murine myoblast cell line (Yaffee & Saxel, 1977) were obtained from the American Tissue Type Collection, Rockville, U.S.A. and cultured in 9.6 cm2 plastic wells at 37°C in Dulbecco's modified essential medium, 7 mM NaHCO3 and 10 mM HEPES (DMEM) supplemented with 10% foetal calf serum. When cells reached 80% confluence, medium was changed to DMEM supplemented with 5% horse serum. Myotubes were used 7 days after initiating myoblast fusion.
Inositol phosphates
Ins(1,4,5)P3 contents of the myotubes was assessed by mass measurement using a radioligand binding assay. Before the experiment, the cells were washed three times with a buffer of the following composition (mM): NaCl 125, KCI 6, CaC12 1.2, MgCl2 2.5, NaH2PO4 1.2, glucose 11, HEPES 10 (pH 7.4). In the Ca2+-free buffer CaC12 was omitted and EGTA (0.4 mM) and MgCl2 (3.5 mM) were added. The reaction was started by the addition of ATP or analogues and stopped by addition of trichloroacetic acid (TCA: 5%, 300 pl) after removing the buffer. Experiments were conducted at 22°C. The TCA was extracted (three times) with water-saturated diethylether, the samples were neutralized with KOH and stored at -40°C. The samples were assayed for Ins(1,4,5)P3 content as described before , using a standard curve of Ins(1,4,5)P3 in etherextracted TCA solution.
Intracellular Ca"
Cytoplasmic free Ca2+ levels were determined by fura-2 fluorescence. Cells plated on glass coverslips were loaded with fura-2-AM (1 0LM) for 30 min at 37°C in the buffer containing 0.2% BSA. Recordings were made at excitation wavelengths of 340 and 380 nm and an emission wavelength of 510 nm at 22°C using a fluorescence spectrophotometer (Hitachi). Data are expressed as the ratio between the two wavelengths representing Ca2'-free (380 nm) and Ca2+bound (340 nm) fluorescent probe.
Data analysis
Data are presented as mean ± s.e.mean unless stated otherwise and are considered statistically different at P < 0.05 (unpaired Student's t test). Concentration-response curves were fitted to the averaged data by a least-squares non-linear regression programme (SigmaPlot 4.0, Jandel Scientific).
Drugs
Adenosine, a,j-methylene adenosine 5'-triphosphate (a,,B-meATP) and fura-2-AM were obtained from Boehringer, Mannheim (Germany). Adenosine 5'-triphosphate (ATP), adenosine 5'-diphosphate (ADP) and uridine 5'-triphosphate (UTP) were obtained from Serva, Heidelberg (Germany). 0.17 pmol mg' protein and adenosine (1 mM) 1.08 + 0.30 pmol mg-' protein (n = 4)).
The maximum Ins(1,4,5)P3 levels measured on stimulation of the cells with ATP, ADP and UTP (1OJAM-1 mM) was reached after 45 s. These maximum values were used to plot concentration-response curves. It was found that ATP was slightly more potent than UTP regarding the formation of Ins(1,4,5)P3 (EC50: ATP 33 ± 2 JM; UTP 80 ± 4 JIM), whereas ADP was less effective ( Figure 2 ). The optimal increase in Ins(1,4,5)P3 content was found in the presence of ATP (1 mM) and UTP (1 mM). Simultaneous addition of these nucleotides (1 mM) did not produce an additive effect on Ins(1,4,5)P3 levels ( Figure 2 ).
To study whether nucleotide-induced Ins(1,4,5)P3 formation in C2C12 cells was mediated via a single receptor, the effect of subsequent addition of three agonists, ATP, UTP and bradykinin, was investigated. Bradykinin (30 pM) also induced Ins(1,4,5)P3 formation with a similar time course as observed for the nucleotides, producing a peak at 45 s (not shown). Myotubes were pretreated for 15 min with the first agonist. Subsequently, a second agonist was administered still in the presence of the first agonist and Ins(1,4,5)P3 content of the cells was measured after 45 s. Typically, Ins(1,4,5)P3 formation induced after preincubation of the cells by an agonist by application of a second dose of the same agonist was reduced to about 30%. Preincubation of the cells with ATP (1 mM) also significantly decreased Ins(1,4,5)P3 formation evoked by UTP (1 mM) but did not affect the bradykinin (30 JM)-induced increase in Ins(1,4,5)P3 ( Figure 3 ). Likewise, preincubation with UTP decreased ATP-induced Ins(1,4,5)P3 formation, not affecting bradykinin-induced Ins(1,4,5)P3 formation (Figure 3 ). Further, preincubation with bradykinin did not affect ATPor UTP-induced Ins(1,4,5)P3 formation ( Figure 3 ). The P2-purinoceptor antagonist, suramin, is known to block the ATP-and UTP-induced changes in membrane potential of C2C12 myotubes (Henning et al., 1992a) .
Application of ATP in the presence of suramin (500 IM) did not cause a significant change in Ins(1,4,5)P3 content of the myotubes (Figure la) . Similarly, suramin (500 pM) also abolished the UTP-induced changes (Figure lc) and ADPmediated (1 mM) increase in Ins(1,4,5)P3 formation (not shown). To examine further the supposition that nucleotides act via the same purinceptor, the antagonistic properties of suramin on ATP-and UTP-induced Ins(1,4,5)P3 formation were investigated after pretreatment of the cells (20 min) with various suramin concentrations (501LM, 150 lM and 300 SAM). Suramin appeared to displace the concentration-response curves for ATP and UTP in parallel (Figure 4a,b) . However, the slopes of the Schild plots deviated markedly from unity, being 1.63 ± 0.09 and 1.37 ± 0.11 for ATP and UTP, respectively ( Figure 4c ). The apparent pA2 values for suramin in myotubes stimulated with ATP and UTP were 4.50 ± 0.48 and 4.41 ± 0.63, respectively.
The Intercepts with the X-axis were 4.50 ± 0.48 and 4.41 ± 0.63, while the slopes measured are 1.63 ± 0.09 and 1.37 ± 0.11 for ATP and UTP, respectively. ATP UTP BK Figure 3 Cross-desensitization of inositol (1,4,5)trisphosphate (Ins (1,4,5)P3) formation elicited by ATP, UTP and bradykinin in C2C12 myotubes. Myotubes were stimulated for 45 s after pretreatment for 15 min. Data are expressed as percentage of the Ins(1,4,5)P3 content elicited by the agonist in non-pretreated cells, which amounted to 4.6 ± 1.2 pmol mg-' protein, 4.2 ± 0.6 pmol mg-' protein and 3.5 + 0.5 pmol mg-' protein, for ATP (1 mM), UTP (1 mM) and bradykinin (BK; 30 JM), respectively (n = 4). The basal Ins(1,4,5)P3 level was 1.06 ± 0.12 pmol mg-' protein; n =4. *Significant decrease in Ins(1,4,5)P3 formation compared to cells that were not pretreated, P<0.01. et al., 1992a). To examine whether these changes in membrane potential were related to the formation of Ins(1,4,5)P3, its formation was measured in cells stimulated with ATP (300 iM) in the absence of extemal Ca2+. The basal level of Ins(1,4,5)P3 was decreased by preincubation of the cells (10 min) under Ca2'-free conditions (Figure 5) . A pronounced increase in Ins(1,4,5)P3 reaching a lower maximum value than in the presence of external Ca2+ and a relative faster decline was observed on receptor stimulation with ATP (300 pM) in the absence of extracellular Ca2+ (Figures la,5 ).
Internal Ca"
The nucleotide receptor regulation of internal Ca2+ was studied using fura-2 as a fluorescent probe in myotubes and UTP evoked a rapid increase in intracellular Ca2", followed by a slow decline to basal levels (Figure 6a,b) . Maximum concentrations of ATP (1 mM) and UTP (1 mM) evoked a comparable increase in intracellular Ca2" (Figure  6a ). Under Ca2"-free conditions, the basal internal Ca2" concentration and the transient rise in intracellular Ca2" of myotubes stimulated with ATP and UTP (Figure 6b ) were less pronounced than in the presence of external Ca2" (Figure 6a ). Further, the slow phase of the Ca2" response evoked by both nucleotides under normal conditions was absent in Ca2"-free medium (Figure 6b ). Stimulation of the cells with the specific P2X-, P2y-and P1-purinoceptor agonists, x,j-MeATP (100t,M), 2-MeS ATP (100ZlM) and adenosine (1 mM), did not change intracellular Ca2" (not shown).
To examine whether ATP and UTP-induced Ca2" responses were mediated through the same receptor, the response to subsequent stimulation with the nucleotides was determined. Stimulation of the cells with UTP (1 mM) did not produce a rise in intracellular Ca2+ if cells were pretreated for 10 min with ATP (1 mM; Figure 7a for 10 min with ATP (1 mM; Figure 7b ) and UTP (1 mM; not shown).
Discussion
The results presented here show that nucleotide receptors are activated by ATP and UTP in C2C12 myotubes. This is shown by the formation of Ins(1,4,5)P3 and increase in intracellular Ca2" demonstrated upon stimulation with these nucleotides, while stimulation of the myotubes with ATP analogues, assumed to interact specifically with PI-, P2X-and P2Y-purinoceptors (Burnstock, 1990; Cusack & Hourani, 1990) , was ineffective. Further, the involvement of P2Tpurinoceptors is ruled out, as ATP is supposed to act as an antagonist for these receptors. P2Z-purinoceptors are also excluded in view of the agonist effect of UTP (Cusack & Hourani, 1990) . The formation of Ins(1,4,5)P3 in myotubes stimulated with ATP and UTP showed a similar time course and corresponding Ins(1,4,5)P3 levels were reached at optimal agonist concentrations, while ADP was less effective. The Ins(1,4,5)P3 content of ATP-and UTP-stimulated cells decreased below initial levels during prolonged stimulation of the myotubes, which might be attributed to a negative feedback on receptor-activated processes by protein kinase C as established in various cell types (Leeb-Lundberg, et al., 1985; Bauhal et al., 1985; Berridge, 1987) . Besides the similarity in time course of formation of Ins(1,4,5)P3 and increase in internal Ca2 , the Ins(1,4,5)P3 formation induced by optimal concentrations of ATP and UTP was not additive. Further, ATP-and UTP-induced formation of Ins(1,4,5)P3 and mobilization of internal Ca2+ showed cross-desensitization, whereas cross-desensitization was absent in myotubes stimulated with one of these nucleotides and bradykinin. Consequently, these observations strongly suggest that the Ins(1,4,5)P3 formation and changes in internal Ca2+ in C2C12 myotubes elicited by ATP and UTP are mediated by a single receptor, identified as a nucleotide type P2purinoceptor.
The observations on Ins(1,4,5)P3 formation in C2C12 myotubes are comparable with nucleotide receptor-activated Ins(1,4,5)P3 formation in other cells (Davidson et al., 1990; Pfeilschifter, 1990 ; Murrin & Boarder, 1992) . The nucleotide receptor-induced formation of Ins(1,4,5)P3 in C2C12 myotubes was inhibited by suramin, as reported for ATP/UTP mediated inositol phosphate formation in DDT, MF-2 cells (Hoiting et al., 1990; Van der Zee et al., 1992) . The antagonistic property of suramin on Ins(1,4,5)P3 formation in ATP and UTP-stimulated C2C12 myotubes was characterized by comparable pA2 values. Besides the observations made in the cross-desensitization experiments, this also suggests that ATP and UTP mediate their signal via the same receptor. However, similar slopes and pA2 values are common for suramin antagonism of different types of P2purinoceptors, such as P2X-and P2T-purinoceptors (Leff et al., 1990; Hourani et al., 1992) and were also observed in the suramin-induced reversal of skeletal muscle paralysis (Henning et al., 1992b) . Stimulation of the nucleotide receptors of C2C12 myotubes under Ca2+-free conditions was accompanied by a transient formation of Ins(1,4,5)P3 and a concomitant rise in internal Ca2+. The increase in intracellular Ca2+ can be readily explained by the Ca2+ release from intracellular stores activated by Ins(1,4,5)P3, a process recognized in many cell types (Berridge, 1987; Berridge & Irvine, 1989) . Moreover, stimulation of the nucleotide receptor also activated a Ca2+influx from the extracellular space, as demonstrated by the larger amplitude and slower decay of the Ca2+ response in the presence of extracellular Ca2 . In turn, this receptormediated influx of Ca2+ apparently enhanced the formation of Ins(1,4,5)P3. In accord, phospholipase C activity has been shown to be dependent on the internal Ca2+ concentration (Uhing et al., 1986; Martin et al., 1986; Taylor et al., 1991) . It should be noted that the nucleotide receptor-evoked formation of Ins(1,4,5)P3 and increase in intracellular Ca2+ in myotubes of the mouse C2C12 cell line show similar characteristics to the responses obtained in primary embryonic chick myotubes by stimulation of a yet unclassified P2purinoceptor with ATP (Haggblad & Heilbronn, 1988; Erikson & Heilbronn, 1989) .
Stimulation of nucleotide receptors on C2C12 myotubes caused a transient hyperpolarization followed by a slowly declining depolarization (Henning et al., 1992a) . The depolarization evoked via the nucleotide receptor is probably due to enhancement of the Ca2"-influx. Supplementary to this Ca2"-influx evoked via nucleotide receptors, the additional depolarization caused by ATP is supposed to be due to a Na+-influx produced by stimulation of discrete ATPsensitive receptors (Henning et al., 1992a) . In view of the similar effects of ATP and UTP on Ins(1,4,5)P3 and internal Ca2" obtained in myotubes preincubated with the other compound, it is unlikely that the discrete ATP-sensitive receptor of C2C12 myotubes is coupled to these pathways. The transient hyperpolarization elicited by the nucleotide receptor is supposed to be due to the opening of Ca2'-regulated K+channels (Henning et al., 1992a) . Under Ca2'-free conditions, however, a transient Ca2+ release from internal stores was observed, not accompanied by a hyperpolarization (Henning et al., 1992a) . Thus, a second component dependent on external Ca2+ is apparently necessary to open the Ca2+-regulated K+-channels upon stimulation of the nucleotide receptor. The formation of Ins(1,3,4,5)P4 from Ins(1,4,5)P3 via the 3-kinase is Ca2'-dependent (Biden & Wollheim, 1986; Imboden & Pattison, 1987) and might be involved as the second component to activate these K+-channels, as shown in DDT, MF-2 cells (Molleman et al., 1991) . A further study to elucidate the mechanism responsible for the hyperpolarization is in progress.
In conclusion, the results presented here show that ATPand UTP-mediated formation of Ins(1,4,5)P3, causing a rise in internal Ca2+ by release from internal stores and activation of Ca2'-entry from the extracellular space, are exclusively mediated by nucleotide receptors in mouse C2C12 myotubes.
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